Abstract: Nodules (coarse-grain "plutonic" rocks) were collected from the ca. 20 ka Pomici di Base (PB)-Sarno eruption of Mt. Somma-Vesuvius, Italy. The nodules are classified as monzonite-monzogabbro based on their modal composition. The nodules have porphyrogranular texture, and consist of An-rich plagioclase, K-feldspar, clinopyroxene (ferroan-diopside), mica (phlogopite-biotite) ± olivine and amphibole. Aggregates of irregular intergrowths of mostly alkali feldspar and plagioclase, along with mica, Fe-Ti-oxides and clinopyroxene, in the nodules are interpreted as crystallized melt pockets. Crystallized silicate melt inclusions (MI) are common in the nodules, especially in clinopyroxenes. Two types of MI have been identified. Type I consists of mica, Fe-Ti-oxides and/or dark green spinel, clinopyroxene, feldspar and a vapor bubble. Volatiles (CO 2 , H 2 O) could not be detected in the vapor bubbles by Raman spectroscopy. Type II inclusions are generally lighter in color and contain subhedral feldspar and/or glass and several opaque phases, most of which are confirmed to be oxide minerals by SEM analysis. Some of the opaque-appearing phases that are below the surface may be tiny vapor bubbles. The two types of MI have different chemical compositions. Type I MI are classified as phono-tephrite -tephri-phonolite -basaltic trachy-andesite, while Type II MI have basaltic composition. The petrography and MI geochemistry led us to conclude that the nodules represent samples of the crystal mush zone in the active plumbing system of Mt. Somma-Vesuvius that were entrained into the upwelling magma during the PB-Sarno eruption.
Introduction
Nodules are foreign materials (xenoliths) found in erupted volcanic rocks. The term nodule usually refers specifically to coarse-grained "plutonic" xenoliths (e.g. [1] [2] [3] ). In the Mt. Somma-Vesuvius literature, the term "nodules" has been used to describe a wide variety of rock types and textures. Hermes & Cornell [4] divided Mt. Somma-Vesuvius nodules into four groups: (1) biotite-bearing pyroxenite, wehrlite, and dunite "accumulative" rocks; (2) "skarns", represented by metasomatized carbonates; (3) recrystallized carbonate hornfels and (4) shallow plutonic rocks ("sub-effusive rocks"). Previous workers have studied these nodules extensively, especially the skarn and cumulate nodules from the younger Mt. Somma-Vesuvius eruptions [4] [5] [6] [7] [8] [9] [10] [11] [12] . Minerals in these nodules contain several different types of inclusions, including silicate melt, hydrosaline melt, and S-rich or CO 2 -rich fluids. The nodules and their inclusions could provide tools for understanding magmatic processes associated with the Mt. SommaVesuvius system, including crystallization and mixing histories of magmas, as well as hydrothermal processes, including ore metal transport and deposition [10] .
Nodules from the Pomici di Base (PB)-Sarno eruption at Mt. Somma-Vesuvius, which are the focus of this investigation, have not been previously studied to our knowledge. These nodules are found almost exclusively in the final products of the PB-Sarno eruption, which are comprised of lithic-rich fall deposits, surges and flows. In other eruptions of Mt. Somma-Vesuvius (e.g. Avellino and 79 AD eruptions), nodules are also found in the early ash and pumice airfall phase. Our goal in this study is to constrain the origin of the PB-Sarno nodules, and to determine what additional information they might provide concerning the underlying magmatic system prior to the PB-Sarno eruption. In this paper we present a detailed description of the nodules found in the final products of the PB-Sarno eruption, including their petrography and mineral chemistry and preliminary results of melt inclusion (MI) studies.
Geological setting
Mt. Somma-Vesuvius is located at the southern end of the Campanian Plain, near the city of Naples in southern Italy. The Mt. Somma-Vesuvius volcanic complex comprises the older, truncated edifice of Mt Somma, and Vesuvius, which forms a cone that developed within the older caldera by predominantly effusive activity (Fig. 1 ). Eruptive activity associated with the volcanic complex started after the huge Campanian Ignimbrite eruption (39 ka [13] ), but other volcanic activity in the area which is not related to Mt. Somma-Vesuvius dates back to ca 400 ka [14, 15] (and references therein). According to Santacroce et al. [15] the PB eruption represents the first explosive event of the Somma volcano, dated at ca 22 ka. Other authors [16, 17] refer to this event as the Sarno eruption, and report that it follows an older explosive event, the Codola eruption. We use the term PB-Sarno eruption to recognize the fact that the two different names are commonly used in the literature to refer to the same eruptive event.
Eruptive activity at Mt. Somma-Vesuvius is cyclical, and three mega-cycles can be distinguished based on bulk rock compositional data [18] (and references therein). Within each mega-cycle the primary magma composition remains the same, but a new mega-cycle is characterized by a different composition [17] . The compositions of the eruptive products of the 3 megacycles change from slightly, to mildly, to highly silicaundersaturated [15, 18] . The products of the first megacycle are slightly silica-saturated (K-trachyte, K-latite) evolving toward slightly silica-undersaturated [17, 18] . The products of the second mega-cycle are mildly silicaundersaturated (phonotephrites to phonolites; [15, 17, 19] ). The third mega-cycle is characterized by strongly silicaundersaturated rocks with tephrite to tephriphonolitefoidite composition [15, 19] . Each mega-cycle is made up of several shorter cycles, each starting with a plinian or sub-plinian eruption, followed by a strombolian-vulcanian "interplinian" stage. The first mega-cycle lasted from >25 ka to about 14 ka, the second from 8 ka to 2.7 ka. The third mega-cycle began after ≈800 years of repose with the 79 AD eruption that destroyed Pompeii. The last eruption at Mt. Somma-Vesuvius took place in 1944 and it is not clear if this represents the closing event of the third mega-cycle, or if it represents the beginning of a repose time within the shorter cycle that began in 1631. As noted by De Vivo et al. [18] , the current repose time (68 years) is anomalous for the 1631-1944 interplinian cycle in which eruption cyclicity was between 7 and 30 years [18] (and references therein).
The PB-Sarno eruption occurred in three phases: (1) the opening phase consisting of ash and minor pumice fall, followed by: (2) a plinian phase comprising up to 6.5 m of compositionally zoned (trachyte to latite) fallout deposits with minor surge deposits; and (3) the closing phreatomagmatic phase characterized by lithic-rich fall, surge and flow deposits [20, 21] . According to Bertagnini et al. [20] this was the largest eruptive event in the history of Mt. Somma-Vesuvius on the basis of the thickness and areal distribution of the erupted material. 
Samples and analytical methods
Samples were collected from the C. Traianello quarry, located on the NE slope of Mt. Somma (Fig. 1) . All samples were collected from the topmost unit (about 1.5 m thick at the sample location) that consists of a pyroclastic flow deposit (Fig. 2) . The studied nodules are coarse-grained (grain size up to 7 mm) igneous rocks with rounded to slightly angular equant to elongated shape. Nodule size varies from 1 to 5 cm. Nodules were divided into two sub-equal portions, and one portion was gently crushed by hand and clinopyroxene phenocrysts were handpicked under a binocular microscope. Single clinopyroxene crystals were polished on both sides, following procedures described by Thomas and Bodnar [22] . The other part of the nodule was used to prepare a doubly-polished thin section for analysis of phenocrysts by Cameca SX50 electron microprobe (EMPA) at Virginia Tech (Blacksburg, VA, USA).
A beam current of 20 nA and an accelerating voltage of 15 kV were used during the analyses for olivine, clinopyroxene, amphibole and mica. A 5 µm defocused beam was used for feldspars, with analytical conditions similar to those described above for other minerals. The one sigma relative error is always less than 5%, and is usually under 1%, if the concentration of the element is >1 wt%.
Individual crystallized MI in single crystals extracted from the nodules during crushing were analyzed using an Excimer laser-ablation inductively-coupled plasma mass spectrometry (LA-ICPMS) system at Virginia Tech following the method described in Halter et al. [23] . Details of run conditions are reported in Table 1 . The pit size was selected to be slightly larger than the inclusion diameter for each inclusion. The chemical composition of MI is quantified following the procedure described in Halter et al. [23] , using the software package AMS [24] . The uncertainities are estimated to be 2-4% relative [25] . For [25] . b) Schematic stratigraphic column of the PB-Sarno eruptive products, adapted from Bertagnini et al. [20] . The rectangular box near the top of the expanded column on the right indicates the portion of the unit that contains the nodules.
the internal standard, a value of Al 2 O 3 =18 wt% was used, because the aluminum content of the magma varies little (15.2 to 19.8 wt%) during the early history (megacycle I and earlier) of Mt. Somma [17, 19, 21] .
Petrography
In this study we have recognized two types of nodules (Type A and B) based on their modal composition. All of the samples display a porphyrogranular texture (larger crystals in a finer-grained polycrystalline matrix) and are compositionally classified as monzonite-monzogabbro. Type A nodules contain euhedral clinopyroxene and euhedral to subhedral olivine phenocrysts (Fig. 3a-b) . The clinopyroxene phenocrysts show minor compositional zoning, and they contain olivine, apatite and Fe-Ti-oxide mineral inclusions, as well as MI. The rims of the crystals are irregular and show abundant embayments ("jagged" rims), suggesting that locally the clinopyroxenes were out of equilibrium with the melt. Mica ± clinopyroxene overgrowths are often observed around the olivine phenocrysts. The groundmass is completely crystallized, and consists of euhedral to subhedral (tabular) feldspar, clinopyroxene, mica, F-apatite and Fe-Ti-oxides. We also observed crystal aggregates comprised of irregular intergrowths of alkali feldspar and plagioclase, with lesser mica, Fe-Ti- (Fig. 3c ). The size of the aggregates ranges from about 100 µm up to a few mm. Crystals in the aggregates are much smaller than those in the groundmass. Based on the petrographic characteristics described above, we interpreted the aggregates to represent crystallized melt pockets.
The dominant phenocryst in Type B nodules is sub-to anhedral amphibole ( Fig. 3d-e) . A reaction rim, consisting of mica, clinopyroxene and feldspar, is sometimes observed around the amphiboles. The edges of the amphibole phenocrysts are more irregular compared to the clinopyroxene phenocrysts in type A nodules. The groundmass consists of clinopyroxene, K-feldspar, Fe-Ti oxide, F-apatite and an unidentified Ca-K-silicate phase. Crystal aggregates are also observed and consist of irregular intergrowths of K-feldspar and the same unidentified Ca-K-phase as in the groundmass, with abundant mica and Fe-Ti-oxides. The crystal aggregates range up to a few hundred microns. The aggregates and the groundmass show similar textures, except that the aggregates are finer grained. Based on the petrographic characteristics we interpret the aggregates to represent crystallized melt pockets, similar to those in Type A nodules. 
Mineral chemistry
Compositions of representative mineral phases in the nodules are listed in Feldspar is the main component of the groundmass. Kfeldspar and plagioclase are equally abundant in type A nodules, but K-feldspar is much more abundant than plagioclase in type B nodules. Intergrowth feldspars in Type A nodules are enriched in K and Na compared to the tabular feldspars in the same nodule (Fig. 4c) . Many tabular K-feldspars have a Ba-rich core (up to 6 wt%), with Ba content decreasing gradually towards the rim to, in some cases, below detection limit.
Magnesio-hastingsite amphiboles with small variations in FeO (7.3-9.7 wt%), MgO (15.6-17.4 wt%) and F content (3.6-4.8 wt%) occur as phenocrysts in Type B nodules. Accessory apatite in both types of nodules is extremely F-rich (up to 6 wt%).
Landi et al. [21] described both polycrystalline and plagioclase-only aggregates in the pumice and scoria that were deposited during the plinian phase of the PB-Sarno eruption. They interpreted the aggregates to represent fragments of the crystal mush zone at the upper margins of the magma chamber that were entrained into the erupting material. The compositions of plagioclase and sanidine in the aggregates described by Landi et al. [21] are similar to those in our samples (Fig. 4c) . They also report clinopyroxene, but with a more evolved composition (Fs 20−24 ) compared to that found in this study, and potassium-ferripargasite amphibole, which is also different from the magnesio-hastingsite amphibole in our samples. 
Melt inclusions
MI are abundant in clinopyroxenes in Type A nodules. All MI examined are partially to completely crystallized, which is typical of MI that cooled relatively slowly after trapping [26, 27] . The MI are mostly 20-30 µm in maximum dimension, but range from about 5 to 60 µm, and have rounded to angular shape.
MI are grouped into two types based on petrography (Fig. 3f) . Type I consists of mica, Fe-Ti-oxide minerals and/or dark green spinel, clinopyroxene, feldspar and a vapor bubble. No volatiles (CO 2 , H 2 O) were detected in the bubbles by Raman spectroscopy [28] . Type II inclusions are generally lighter in color when observed in transmitted light and contain subhedral feldspar and/or glass and several black (opaque?) phases, most of which are confirmed to be oxides by SEM analysis. Some of the opaque-appearing phases that are below the surface may be tiny vapor bubbles. The MI are either randomly distributed in the crystals or occur along a growth zone and are, therefore, interpreted to be primary. The two types of MI are spatially associated, appearing in the same area within the crystals. Type I MI comprises 70 to 80% of total melt inclusions observed. Moreover, some MI appear to be transitional between Types I and II in both their petrographic features and compositions. Only MI in clinopyroxenes from Type A nodules were analyzed.
Abundant data are available in the literature for comparison with our MI data. These include:
1. bulk rock compositions of pumices erupted during the plinian phase of the PB-Sarno eruption [17, 21] 2. bulk compositions of lavas erupted between 35-25 ka [17, 19] 3. bulk rock compositions of lava and scoria erupted after 25 ka but before the PB-Sarno eruption [19] 4. compositions of MI in clinopyroxene from lavas erupted between 35-25 ka, as well as compositions of MI from lavas that are younger than 25 ka but older than the PB-Sarno eruption [29] The various types of data listed above have been plotted along with our MI data on various chemical discrimination diagrams, including total alkali-SiO 2 classification diagram ( Fig. 5a ; [30] ), primitive mantle normalized [31] trace element diagrams ( Fig. 5b-d) , and major element variation diagrams (Fig. 5e-g ). Because the Codola eruption (∼25 ka) cannot be related to a specific Campanian source (i.e., Mt. Somma-Vesuvius, Campi Flegrei, or elsewhere in the Campanian region) [15, 16] , it is not included in the comparison on Figure 5 . Our results indicate that Type I MI can be classified as phono-tephrite -tephri-phonolite -basaltic trachyandesite (Fig. 5a) , and are similar to compositions of other MI from related eruptions [29] . The compositions of Type I MI from this study overlap with the compositions of the older Somma lavas (<35 ka but older than the PB-Sarno eruption) and show trends on major element variation diagrams that are similar to trends for MI from the literature [29] (Fig. 5e-g ). The PB-Sarno pumices have a more evolved composition compared to the MI compositions of this study. However, trace element patterns for the Type I MI are similar to the older Somma lavas and the PB-Sarno pumices when plotted on primitive mantle normalized [31] trace element diagrams ( Fig. 5b-d) . Furthermore, the MI show enrichment in LILE (Rb, Ba, Th, K) and, to a lesser extent, HFSE (Nb, Zr) with respect to the primitive mantle. Type II MI are mainly basaltic in composition, and show more primitive compositions with lower silica, alkalies and higher Ca and Mg content compared to published MI and bulk rock compositions (Fig. 5a, e-f) . Type II MI show less enrichment in LILE and HFSE with respect to the primitive mantle, compared to Type I MI (Fig. 5b) . Some MI could be classified as either type I or type II, based on petrography alone. These transitional MI appear to also show intermediate compositions (squares in Fig. 5) . Equilibrium between the MI and host was tested based on the Fe-Mg exchange reaction between clinopyroxene and host. Using the models in Putirka [32] that are based on the Fe and Mg content of the melt and crystal, equilibration temperatures range from 1058 to 1264 • C and pressures ranging from 3.9 to 10.6 kbar. Entering these temperatures into equation (35) (Fig. 5h) for MI in this study are similar to trends defined by previously published MI data [29] , and are consistent with melt compositions that would be produced during clinopyroxene fractionation from a crystallizing melt.
Discussion
The studied nodules were collected from the upper part of the PB-Sarno eruption deposits. As such, the nodules could have formed earlier from the same magma that produced the PB-Sarno eruption. Alternatively, the nodules might represent samples of older Somma volcanic activity (39-22 ka) that were ripped from the conduit walls and entrained into the PB-Sarno magmas as they ascended. Cioni et al. [33] found clear evidence of a caldera collapse associated with the PB-Sarno eruption, and Rolandi et al. [34] suggested that the PB-Sarno eruption was one of four eruptive events that contributed to the destruction of the older Somma cone. Therefore, it is likely that materials from the conduit walls and from older eruptive units have collapsed into the erupting PB-Sarno magma and were carried to the surface during the eruption.
Similarities between Type A and B nodules, including the presence of melt pockets, jagged (irregular) edges and slight zoning of the phenocrysts and the absence of typical equilibrium textures (e.g. planar boundaries, 120
• jointing, absence of zoning) indicate that the two different nodule types formed in similar environments and experienced similar pre-eruptive histories. The textural features described above are common in the "sub-effusive" type of nodule described by Hermes & Cornell [4] . They interpret these nodules to have formed at a shallower level compared to the "accumulative" nodule type. These workers state additionally that the compositions of sub-effusive nodules and compositions of extruded lavas are similar. They suggest that the "sub-effusive" type of nodule represents samples of the crystal mush zone in which the Fig. 3f labeled "cpx fract" and "ol. fract" show the compositional trends in residual melt which would result from clinopyroxene and olivine crystallization, respectively. For comparison, the bulk composition of the pumices erupted during the plinian phase of the PB-Sarno eruption [17, 21] , the bulkcompositions of lavas erupted between 35-25 ka [17, 19] , of lava and scoria erupted after 25 ka but before the PB-Sarno eruption [19] , and compositions of melt inclusions hosted in clinopyroxene from lava erupted between 35 ka and the PB-Sarno eruption [29] are also plotted.
crystal/melt ratio was high. This material was extracted from the crystal mush zone and then transported upwards "slowly and intact, permitting crystallization of the interstitial liquid" [4] . Alternatively, Hermes and Cornell [4] also suggest that the type of nodule described here could represent cumulitic xenocrysts that were extracted from the mush-zones and then mixed with magmas of different compositions within a chemically zoned magma chamber. The rare reverse zoning observed in clinopyroxene and the relatively low-Fo olivine (Fo≤76 mol%) inclusions in primitive clinopyroxene (mg#≥0.80) indicate that some mixing occurred. However, the lack of typical non-equilibrium textures (e.g. multiple resorption surfaces within a crystal; complex zoning; reaction rims) suggests that the samples more likely represent a crystal mush zone where the crystal/melt ratio was high, rather than mixing with magmas of different composition. The differences between Type A and B nodules suggest that, even though they formed in a similar environment (probably a crystal mush zone at the margins of a magma chamber), they are derived from different regions of a compositionally zoned magmatic system.
The compositions of the crystals in the studied samples are more primitive compared to the crystal aggregates described by Landi et al. [21] , which they found in pumices and scorias deposited during the sustained column phase of the eruption ("plinian phase" in [20, 21] ). This compositional difference suggests that the nodules in the present study were derived either from a region of the magma chamber that was not sampled during the plinian phase of the eruption, e.g. from the more crystal-rich part that is closer to the margin, or from a different depth in a layered magma chamber. The latter interpretation is consistent with results of Landi et al. [21] , who suggest that the magma chamber associated with the PB-Sarno eruption was compositionally layered. As such, the studied nodules were likely entrained as the magma passed through a portion of the magma chamber with a more primitive composition as it ascended to the surface. Various thermobarometers were applied to the mineral assemblages contained in the nodules in an effort to constrain the pressure and temperature of crystallization. The models in Putirka [32] predict temperatures ranging from 1058 to 1264
• C and pressures ranging from 3.9 to 10.6 kbar. Additional MI studies, including analysis of MI in Type B nodules as well as analysis of volatiles in MI from both Type A and B nodules, may help to better constrain the PT conditions. Two very distinctive types of MI were observed in clinopyroxenes from Type A nodules. The two types of MI are spatially associated, which would suggest a genetic relationship, but the nature of this relationship is unclear. The trace element compositions and the close spatial association of these MI with different compositions indicate that the melts are not differentiated from the same parent melt. Type I MI are in or close to chemical equilibrium with the host and are interpreted to represent the melt from which the surrounding host clinopyroxene crystallized. Type II MI occur in close association with Type I MI, but Type II are not in chemical equilibrium with the host. This suggests that the composition of Type II MI was either modified by accidentally trapped solid phases or that the MI composition reflects heterogeneities within the melt. The high Ca-and low K-contents of Type II MI suggest that trapping and/or dissolution of An-rich plagioclase, which is observed in MI and as solid inclusions in clinopyroxene, might have played a major role in altering the composition of the Type II MI. This process, however, does not explain the high Mg-content of the Type II MI. Mesozoic carbonates with a thickness of ∼8 km that dip westward from the adjacent Apenninic belt have been detected at a depth of 2-3 km in the Mt. Somma-Vesuvius area [35] [36] [37] . Both the high Ca-and Mg contents of Type II MI can be explained by assimilation of dolomite at depth, either by trapping small dolomite crystals in the MI or incorporating dolomite into the parental magma before MI trapping, but stable isotopic data are required to confirm this hypothesis.
Previous studies have reported anomalous MI (e.g. highCa inclusions in Fo-rich olivine) occurring together with "normal" MI (i.e. in equilibrium with the host) in the same sample from various mid-ocean ridge and subduction environments [38] (and references therein). Danyushevsky et al. [38] attributed the origin of these anomalous MI to "dissolution-reaction-mixing (DRM) processes". In a complex magmatic plumbing system consisting of interconnected chambers, each with a well-developed mush zone, the intruding magma batches can react with the much cooler wall-rock and/or material in the semi-solidified crystal-mush zones. In addition to cooling of the intruded magma in the mush zones, phases which are not in equilibrium with the intruded melt may undergo partial dissolution. This may be followed by mixing of the reaction products with the intruded melt to produce hybrid melts that can be trapped as MI. These processes can lead to large localized melt heterogeneities which are then sampled by the crystallizing phases [38] . Danyushevsky et al. [38] emphasize that these anomalous and commonly large inclusions are formed at the edges of the conduit system, where the fresh, hot magma is in contact with the cooler mush-zone. In the center of the magma chamber or conduit, olivine (and other phases) would crystallize in equilibrium with the surrounding melt, and these phenocrysts would not contain anomalous MI. We suggest a model similar to that of Danyushevsky et al. [38] for the origin of Type II MI in the PB-Sarno nodules. It is well documented that Mt. Somma-Vesuvius has a complex plumbing system consisting of three main levels of magma storage, the two deepest of which represent long-lived reservoirs [39] (and references therein). This geometry provides the opportunity for the formation of extensive mush zones over an extended depth range and P-T conditions [11, 12, 39] . Subsequent interaction of material in these mush zones with the differentiating or upwelling melt and/or the wall rock can occur. The process described by Danyushevsky et al. [38] is consistent with our hypothesis that the Type A nodules represent samples of a crystal-mush zone that was once in contact with the magmas that formed the bulk of the erupted material. However, we are unable to determine the specific location within the overall plumbing system of the mush zone that was sampled, and when in the overall evolution of the system that sampling occurred. The major element composition of the MI overlaps with the composition of the older Somma lavas and their MI, which suggests that the Type A nodules more likely were formed prior to the PBSarno plinian eruption. However, because data for the composition of PB-Sarno pumice parental magma is not available, we are unable at this time to test our hypothesis that the nodules formed before the PB-Sarno eruption.
Conclusions
Petrographic features, including the porphyrogranular texture, slight zonation of the phenocrysts, crystallized melt pockets, and "jagged" edges of crystals, all suggest that nodules collected from the PB-Sarno eruption represent samples of the mush zone of the active plumbing system of Mt. Somma-Vesuvius. Geochemically different but spatially associated MI, and similarities between type A MI and the BP-Sarno bulk rock composition and the composition of older eruptive material, support this hypothesis. The nodules could have crystallized either from the same magma that was erupted during the earlier plinian phase of the PB-Sarno eruption, or from a magma associated with an older eruptive phase. Data obtained from Type I MI may provide valuable information about inferred heterogeneities (layering within the magma chamber) during the early history of the volcano. Further studies are in progress to homogenize the crystallized MI and determine the major and trace element compositions as well as the volatile content of the melts. These data will help to better constrain the structure of the plumbing system and pre-eruptive processes that formed the nodules and led to the BP-Sarno eruption.
